1. Introduction {#sec1}
===============

Zearalenone (ZEA) is one of the most harmful mycotoxins produced primarily by Fusarium fungi \[[@B1]\]. The pollution of ZEA has become a worldwide public health problem \[[@B2]\] as ZEA can often be found in foods and feeds. China has set 60 *μ*g/kg as the maximum limit for ZEA in wheat and corn \[[@B3]\]. A provisional maximum tolerable daily intake (PMTDI) of ZEA is 0.5 *μ*g/kg \[[@B4]\]. Previous studies have shown that ZEA has severe reproductive toxicity, cytotoxicity, immunotoxicity, and carcinogenic effects on humans and livestock. In addition, ZEA and harmful substances, such as ammonia and chlorpyrifos, can also cause oxidative stress and apoptosis in the body (Fan et al. 2017, \[[@B5]--[@B8]\], Wanying et al. 2018, \[[@B9], [@B10]\]).

Current research focuses on the reproductive toxicity because ZEA has been shown to cause severe reproductive disorders in animals and hyperoestrogenic syndromes in humans as it has an oestrogenic effect (\[[@B11]\]; Zhang et al., \[[@B9], [@B10]\]). However, some results also have shown that ZEA not only causes serious reproductive toxicity but also has toxic effects on metabolic major organs such as the liver and kidney \[[@B12]--[@B14]\]. ZEA is excreted by the kidneys through the hepatoenteral circulation in animals (Rogowska et al. 2019). The accumulation of ZEA in the kidney induced glomerular atrophy and degeneration of renal tubular epithelial cells and induced proteinuria \[[@B14], [@B15]\]. By intraperitoneal injection of ZEA in female mice, Liang et al. (2015) have found that ZEA can accelerate renal cell apoptosis, increase serum creatinine and urea nitrogen levels, and cause renal oxidative stress in mice. The study from our group has also shown that ZEA can induce oxidative stress and apoptosis in the mouse kidney \[[@B15]\]. Therefore, it is very important to find an effective protective agent to protect the kidney from the damage caused by ZEA.

Selenium (Se) is an important trace element for the growth and development of humans and animals. In addition to antiaging and free radical scavenging properties, Se also has the beneficial effects in improving Alzheimer\'s disease, as an antitumor agent, enhancing immunity and regulating the reproductive system \[[@B16]--[@B19]\]. Zhou et al. (2009) have shown that Se can reduce cadmium-induced LLC-PK(1) cell apoptosis. Existing research shows that Se can prevent lead- and cadmium-induced kidney, liver, ovary, and testis cytotoxicity; oxidative stress; and endoplasmic reticulum stress, and research also shows that Se can also reduce lipopolysaccharide- (LPS-) induced myocarditis and nephropathy (\[[@B20]--[@B23]\], Wang et al., \[[@B24], [@B25]\]). In addition, a Se-deficient diet can lead to oxidative stress and hepatocyte apoptosis; dietary supplementation of Se reduces germ cell apoptosis in the testis \[[@B26], [@B27]\]. Se can also inhibit damage caused by mycotoxins. For example, dietary sodium selenite can significantly inhibit cell apoptosis caused by aflatoxin B1 \[[@B28]\]. Our previous studies also have shown that Se can alleviate the damage of ZEA on blood-testis barrier in male mice and inhibit ZEA-induced apoptosis and oxidative stress in mouse testis cells \[[@B29]\]. However, it is unclear whether Se can prevent ZEA from harming the kidneys and any protective underlying mechanism is yet to be elucidated.

The endoplasmic reticulum, an important organelle for eukaryotic cells, is used to synthesize proteins. It plays important roles in the synthesis, folding, and transport of proteins \[[@B30]\]. It is very sensitive to the changes in the intracellular environment that can regulate cell stress and calcium ion levels \[[@B31], [@B32]\]. Some exogenous substances, such as heavy metals and mycotoxins, induce endoplasmic reticulum stress and unfolded protein reactions that can result in apoptosis \[[@B24], [@B31], [@B33]\]. Studies have shown that some antioxidants such as resveratrol, procyanidin, and curcumin can inhibit apoptosis through inhibition of ERS \[[@B34]--[@B36]\]. Therefore, antioxidants can reduce the damage caused by foreign substances to cells by regulating endoplasmic reticulum stress.

It has been reported that oxidative stress is mainly induced by ZEA toxicity and some antioxidants can protect against ZEA toxicity. For example, proanthocyanidins can protect mouse small intestinal epithelial cells from ZEA-induced apoptosis through the ERS pathway (Miao et al. 2018); curcumin can inhibit ZEA-induced apoptosis and oxidative stress in Leydig cells \[[@B37]\].

Crocin and quercetin can inhibit ZEA-induced apoptosis in HCT116 and HEK293 cells by reducing ERS \[[@B38]\]. However, the results of Se in antioxidant capacity aspect do not show consistent results, and data on the mechanism of Se protection against ZEA-induced specific toxic injury have not been widely reported.

So in this study, whether Se can inhibit ZEA-induced oxidative stress and apoptosis in the mouse kidney via the inhibition of ERS was studied. The results can give us a theoretical basis for the use of Se to prevent toxicity of ZEA.

2. Materials and Methods {#sec2}
========================

2.1. Animals {#sec2.1}
------------

The 40 male Kunming mice were obtained from China Medical University, which weighed 20 ± 2 g and aged 4 weeks. They were bred in a restricted-access room, the room temperature was set from 22°C to 24°C and the humidity was set from 45% to 60%, and light and darkness were alternated every 12 h. The mice could get water and the controlled diet ad libitum. The animal experiment was carried out in accordance with the good principles of experimental animal care and European Communities Council Directive (86/609/EEC) and EU Directive 2010/63/EU and approved by the experimental animal care and use ethics committee of Shenyang Agricultural University, China (Permit No. 264SYXK\<Liao\>2011-0001, September 2018).

2.2. Experimental Design and Treatment {#sec2.2}
--------------------------------------

ZEA was purchased from Sigma (St. Louis, MO, USA), which was prepared with dimethyl sulfoxide (DMSO). And the storage concentration of ZEA was 100 mg/mL. The working solution of ZEA was diluted with normal saline. The working concentration of ZEA was set to 1 mg/mL: at this concentration, the DMSO content was 0.5%. Se yeast was obtained from the Angel Yeast Co. Ltd. (Wuhan, China; with a Se content of 2 g/kg).

The ZEA group (ZEA: 40 mg/kg dose of ZEA b.wt.), which was based on other previous experiments \[[@B29], [@B39]\] and Boeira and Zourgui (Boeira et al., 2014; Zourgui et al., 2008); Se group (0.4 mg/kg Se b.wt.) which was based on other previous experiments \[[@B29]\], Se+ZEA group (0.4 mg/kg Se b.wt.; 40 mg/kg dose of ZEA b.wt.). At 9:00 every day, the mice were intragastrically administered with Se solution, followed by ZEA solution after 40 min. The experiment lasted for 28 days.

At the end of the experiment, the mouse blood samples were obtained after euthanasia via anesthesia. The serum was obtained after the blood samples were separated at 3000 rpm for 20 min and stored at -20°C for later use. A portion of kidney tissue was homogenized in 1 mL of 10 mM Tris-HCl, pH 7.4 at 4°C. The other kidney samples were put into the cryopreservation tube and stored at -80°C for subsequent test.

2.3. Biochemical Assays {#sec2.3}
-----------------------

The concentration of blood urea nitrogen (BUN), urate (UA), and creatinine (CRE) in serum was determined according to Wang et al. \[[@B39]\]. The suspension of the kidney homogenate was collected and assayed for the activities of T-SOD (total superoxide dismutase) and GSH-Px (glutathione peroxidase) and the content of MDA (malondialdehyde). Each measurement was based on the manufacturer\'s instructions (Nanjing Jiancheng Institute of Bioengineering, China).

2.4. Organ Indexes and HE Staining {#sec2.4}
----------------------------------

All mice were weighed after the last treatment. The organ indexes were obtained from the percentage of kidney wet weight to the total mouse body weight. HE staining was used to examine the pathological changes (three kidney tissues randomly selected from each group were examined).

2.5. TUNEL Analysis of Apoptosis {#sec2.5}
--------------------------------

The apoptosis was measured by using TUNEL analysis. The operation methods and procedures are according to the manufacturer\'s instructions of the commercial kit (Roche, Beijing, China). The cells with green fluorescence are defined as TUNEL-positive cells. Aperio ImageScope software was used to count the number of TUNEL-positive cells and it was counted as a percentage of positive cells. Three independent statistics for the experiment were done, each time three technical repeats.

2.6. qRT-PCR {#sec2.6}
------------

The TRIzol method (TaKaRa, Japan) was used to extract the total RNA of the kidney sample. The microvolume spectrometer at an absorbance ratio of 260/280 nm was used to measure the purity and concentration of RNA. The HiScript II QRT SuperMix for qPCR (+gDNA wiper) kit (Vazyme, Nanjing, China) was used to reverse the total RNA to cDNA.

An ABI 7500 real-time PCR system and the ChamQ Universal SYBR qPCR Master Mix kit were used to conduct real-time PCR. The primers were listed in [Table 1](#tab1){ref-type="table"}. The procedure and condition of real-time PCR were conducted based on our previous study \[[@B29]\]. The relative changes in mRNA were calculated using the 2^−*ΔΔ*Ct^ method. Primers are designed and synthesized by Beijing Sangon Biotech Co., Ltd.

2.7. Western Blot Analysis {#sec2.7}
--------------------------

A protein extraction kit (Beyotime, Wuhan, China) was used to extract the protein of kidney tissue. The Pierce BCA Protein Assay Kit (Thermo Fisher) was used to measure total protein content. The protein samples were separated using a 10% SDS-PAGE, and then, the proteins were transferred to nitrocellulose by using a Trans-Blot machine (Thermo Fisher). The membrane was blocked for 2 hours at 25°C with TBST (Sangon Biotech, Shanghai, China) buffer diluted with BSA to 5% blocking solution. Membranes were added with the first antibodies then incubated overnight at 4°C: the first antibodies were *β*-actin, GRP78/Bip, JNK, p-JNK, CHOP, Bax, Bcl-2, caspase-12, and caspase-3. *β*-Actin was set as internal reference. The membrane was washed five times (each time for 10 min) with TBST buffer, then incubated with the secondary antibody at 37°C for 1 h and then washed five times (each time for 10 min). The Luminescent Image Analyzer (Ncmbio, Suzhou, China) was used to visualize and analyze the expressed protein.

2.8. Statistical Analysis {#sec2.8}
-------------------------

SPSS 19.0 software was used for the statistical test, and the results were expressed as mean ± standard deviation. Two-tailed Student\'s *t*-tests were used to analyze the difference between two groups, and significant differences among multiple groups were evaluated by using one-way analysis of variance (ANOVA) and LSD methods. Differences of *P* \< 0.05 were considered significant.

3. Results {#sec3}
==========

3.1. Organ Indices of Kidney and Blood Biochemistry {#sec3.1}
---------------------------------------------------

As shown in [Figure 1(a)](#fig1){ref-type="fig"}, compared with the control group, the kidney index was decreased in the ZEA group (*P* \< 0.05). However, compared with that of the ZEA group, the index of the Se+ZEA group was increased (*P* \< 0.05). As shown in [Figure 2](#fig2){ref-type="fig"}, compared with the control group, the concentration of BUN, UA, and CRE in serum was increased in the ZEA group (*P* \< 0.05). Compared with those in the control group, the three biomarkers in the Se group and the Se+ZEA group were not significantly different. Meanwhile, the three biomarkers in serum were significantly decreased in the Se+ZEA group, when compared to those in the ZEA group (*P* \< 0.05).

3.2. Antioxidative Indexes in Renal Tissue {#sec3.2}
------------------------------------------

As shown in [Figure 2](#fig2){ref-type="fig"}, compared to the control group, the content of MDA was significantly increased (*P* \< 0.05), while the activities of GSH-Px and T-SOD in the ZEA group were decreased (*P* \< 0.05). Meanwhile, compared to the ZEA group, the activities of GSH-Px and T-SOD in the Se group and the Se+ZEA group were increased (*P* \< 0.05), and the content of MDA was significantly decreased (*P* \< 0.05). Therefore, oral administration of the Se significantly inhibited the increase in MDA content (*P* \< 0.05) caused by ZEA, and it reversed the decreases in T-SOD and GSH-Px activities caused by ZEA.

3.3. Histopathological Changes in the Kidney {#sec3.3}
--------------------------------------------

The results showed that ZEA caused lobulation and atrophy of the glomerulus in the murine kidney ([Figure 3](#fig3){ref-type="fig"}). Furthermore, kidney sections from the Se and Se+ZEA groups revealed minor pathomorphological changes ([Figure 3](#fig3){ref-type="fig"}).

3.4. Effect of Se on Apoptosis of Kidney Cells in Mice Treated with ZEA {#sec3.4}
-----------------------------------------------------------------------

As shown in [Figure 4(a)](#fig4){ref-type="fig"}, we used the TUNEL method to analyze the effect of Se on renal cell apoptosis in ZEA-treated mice. Fragmented nuclei were typical characteristics of apoptosis; we performed DAPI staining and a TUNEL assay to detect alterations in the nuclei. As shown in [Figure 5(b)](#fig5){ref-type="fig"}, the number of TUNEL-positive cells in the ZEA group increased significantly (*P* \< 0.05) compared with that in the control group. Meanwhile, the number of positive cells in the Se+ZEA group decreased significantly (*P* \< 0.05) compared with that in the ZEA group. The TUNEL-positive cells in the Se group were not significant compared with those in the control group.

3.5. Gene and Protein Expression {#sec3.5}
--------------------------------

As shown in Figures [5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}, when compared with the control group, the mRNA and protein expression of Bip, JNK, p-JNK, caspase-12, caspase-3, Bax, and CHOP was significantly increased (*P* \< 0.05) while the mRNA and protein expression of Bcl-2 significantly decreased (*P* \< 0.05) in the ZEA group. In addition, when compared with the ZEA group, the expressions of mRNA and protein of Bip, JNK, p-JNK, caspase-12, caspase-3, Bax, and CHOP in the Se group and the Se+ZEA group were significantly decreased (*P* \< 0.05), while these expressions of Bcl-2 were significantly increased. It is worth noting that in the Western blot results, compared to the Se group, the expressions of CHOP, Bip, caspase-12, caspase-3, and Bax were significantly increased in the Se+ZEA group.

4. Discussion {#sec4}
=============

The kidney is an important metabolic organ in the body involved in the metabolism of drugs and toxins. However, whether ZEA can cause kidney damage and its mechanism are not clear. Therefore, we consider it necessary to study the kidney damage caused by ZEA and to find effective protective drugs. According to this study, ZEA can also cause kidney damage and can cause renal tissue apoptosis through endoplasmic reticulum stress.

Previous studies have proved that Se has many important biological functions. However, whether Se can antagonize the toxicity of mycotoxin and its mechanism of detoxification is not clear. If it can be proved that Se can alleviate the toxicity and mechanism of mycotoxin, it will be of great significance to prevent and control mycotoxin poisoning in animals. So our research further explores the effects and mechanisms of Se in antagonizing mycotoxins.

In this study, the dose of ZEA (40 mg/kg) is used in studying ZEA toxicity in mice. The choice of the doses of ZEA was based on preliminary experiments in our laboratory \[[@B15], [@B29]\] and other researchers\' results (Boeira et al., 2014; Zourgui et al., 2008). These previous studies have showed that ZEA (40 mg/kg) given to mice could cause oxidative stress in the liver, kidney, and testis. And our results proved again that at this dose, ZEA can cause kidney damage.

As we all know the biochemical markers, BUN, UA, and CRE, are commonly used to assess kidney damage \[[@B15]\]. Our results showed that the levels of BUN, UA, and CRE in the kidney tissue of the ZEA group were significantly different from those of the control group after 28 days of administration of 40 mg/kg ZEA ([Figure 1](#fig1){ref-type="fig"}). In this study, MDA was used as an indicator of oxidative damage to the kidney, and the activities of GSH-Px and T-SOD in the kidney were used as indicators of antioxidants. Excess hazardous substance ammonia caused chicken oxidative stress, decreased GSH-Px, and increased MDA in chickens \[[@B6], [@B40]\], and chlorpyrifos caused common carp oxidative stress, decreased SOD, and increased MDA \[[@B41]\]. The results showed that ZEA caused damage to the mouse kidneys and produced oxidative stress as it could decrease the activities of GSH-Px and T-SOD and increase the content of MDA. In addition, the results of tissue sections and TUNEL staining showed ZEA caused damage to the kidneys of mice along with apoptosis in the kidney (Figures [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}).

As a trace element, Se is an antioxidant that can eliminate oxidative free radicals generated by external toxicants, reduce the damage of oxidative stress on humans and animals, and improve the antioxidant capacity and immune function of humans and animals \[[@B42]\]. Studies have shown that Se deficiency is associated with higher mortality at birth and growth kinetics in rats, and at the same time, the liver of rats also developed slowly, the activity of GPX and CAT was decreased, and the activity of SOD was increased, but dietary Se improved all of these indices \[[@B43]\]. By contrast, when Se intake was excessive, the biochemical indicators of the metabolic organs such as the liver and kidneys of the body are affected which can be manifested as Se poisoning \[[@B44]\]. It was suggested that the intake of Se in adult males and females during pregnancy should be 55 *μ*g/day and 55-60 *μ*g/day, respectively \[[@B16], [@B44]\]. Therefore, the role of Se is highly dose dependent. Our results showed that there were no significant differences in kidney biochemical parameters such as kidney index and the content of BUN, UA, and CRE between the Se alone group and the control group. The results indicate that the dose of Se used in this study was safe and is consistent with our previous findings \[[@B29]\]. The renal antioxidant indexes of the Se+ZEA group were significantly changed than those of the ZEA group, indicating an improvement in the renal index. Generally, cotreatment with Se+ZEA improved the level of renal biochemical markers such as BUN, UA, and CRE and reversed oxidative indicators (Figures [1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). The results of the renal histopathology and TUNEL staining indicated that Se can improve kidney damage caused by ZEA and inhibit renal cell apoptosis caused by ZEA (Figures [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}) and indicated that Se is a good protective agent against ZEA-induced damage in the kidney.

In the endoplasmic reticulum stress pathway, GRP78 (Bip) protein is separated from transmembrane signaling protein, which leads to the activation of apoptotic proteins (CHOP, JNK, and caspase-12) and promotes apoptosis \[[@B45]\]. Our results indicate that ZEA promotes the expression of endoplasmic RNA and protein. In contrast, oral Se can significantly downregulate the expression of Bip protein and suggests that Bip protein may be a target of Se in renal tissue. Generally speaking, when ZEA induces endoplasmic reticulum stress in renal cells, the expression of CHOP protein increases resulting in the inhibition of the expression of downstream protein Bcl-2, which promotes apoptosis \[[@B46], [@B47]\]. However, when cells are stimulated by the outside world, the protein JNK in the cytoplasm is transformed into p-JNK and phosphorylated and enters the nucleus to promote the expression of apoptotic protein Bax \[[@B48], [@B49]\]. Caspase-12 has no activity when the cells are in normal state. However, procaspase-12 converts to caspase-12 when stimulated and activates downstream caspase-3 and caspase-9 to sense apoptosis \[[@B50]\]. Our results showed that the expressions of CHOP, Bip, JNK, caspase-12, Bax, Bcl-2, and caspase-3 in the Se+ZEA group were significantly improved compared to those in the ZEA group (Figures [5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}). This suggests that Se acts as a protective agent against ZEA-induced injury by acting on the endoplasmic reticulum stress pathway in the kidney.

5. Conclusions {#sec5}
==============

In conclusion, ZEA-induced renal tissue damage is associated with ZEA-induced oxidative damage and apoptosis. Se can protect against kidney damage induced by ZEA by inhibiting ER stress. This study will provide Se with a molecular theoretical basis for preventing ZEA-induced kidney damage.
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![(a) Changes in the ratio of kidney weight to body weight in mice. (b) The content of BUN in the blood of mice. (c) The content of UA in the blood of mice. (d) The content of CRE in the blood of mice. The column diagrams marked by different letters were significant to each other (*P* \< 0.05). Values were mean ± SD (*n* = 3).](OMCL2020-6059058.001){#fig1}

![Oxidation and antioxidation parameters of renal tissues of mice in each group were detected by an oxidation kit. The column diagrams marked by different letters were significant to each other (*P* \< 0.05). Values were mean ± SD (*n* = 3).](OMCL2020-6059058.002){#fig2}

![Detection of pathological changes in renal tissue by tissue section HE staining. Images were taken at a magnification of ×200 and ×400: (a) control group, (b) ZEA group, (c) Se group, and (d) Se+ZEA group. The arrows "→" indicate a pathological injury in the kidney, such as glomerulus lobulation and glomerulus atrophy.](OMCL2020-6059058.003){#fig3}

![(a) Effects of Se on ZEA-induced apoptosis of renal cells. TUNEL-stained kidney section (magnification, ×50), with green granules indicating the positive cell. DAPI was used for nuclear staining. (b) The percentage of TUNEL-positive cells in each group. The column diagrams marked by different letters were significant to each other. Values were mean ± SD (*n* = 3).](OMCL2020-6059058.004){#fig4}

![Effects of Se on the expression levels of genes involved in the endoplasmic reticulum stress signaling pathway that was induced by ZEA in the kidneys of mice. The column diagrams marked by different letters were significant to each other. Values were mean ± SD (*n* = 3).](OMCL2020-6059058.005){#fig5}

![Effects of Se on the expression levels of proteins involved in the endoplasmic reticulum stress signaling pathway that was induced by ZEA in the kidneys of mice. The column diagrams marked by different letters were significant to each other. Values were mean ± SD (*n* = 3).](OMCL2020-6059058.006){#fig6}

###### 

Primers for qRT-PCR analysis.

  --------------------------------------------------------------------------------------
  Gene         Accession no.    Primer sequences (5′-3′)             Product size (bp)
  ------------ ---------------- ------------------------------------ -------------------
  *β*-Actin    BC_138614.1      Forward: CTGTCCCTGTATGCCTCTG\        221 bp
                                Reverse: TTGATGTCACGCACGATT          

                                                                     

  GRP78/Bip    NM_001163434.1   Forward: CGCTGGGCATCATTGAAGTAA\      145 bp
                                Reverse: GAGGTGGGCAAACCAAGACAT       

                                                                     

  JNK          NM_001310452.1   Forward: TCCTCCAAATCCATTACCTCC\      149 bp
                                Reverse: CTCCAGCACCCATACATCAAC       

                                                                     

  Caspase-12   NM_009808.4      Forward: CTCAATAGTGGGCATCTGGGT\      151 bp
                                Reverse: GAAGGTAGGCAAGACTGGTTC       

                                                                     

  Bcl-2        NM_009741.5      Forward: CTCAGGCTGGAAGGAGAAGAT\      156 bp
                                Reverse: AAGCTGTCACAGAGGGGCTAC       

                                                                     

  Bax          NM_007527.3      Forward: GCAAAGTAGAAGAGGGCAACC\      156 bp
                                Reverse: ACTGGACAGCAATATGGAGCT       

                                                                     

  CHOP         NM_001290183.1   Forward: TTCTCCTTCATGCGTTGCTTC\      218 bp
                                Reverse: AAAACCTTCACTACTCTTGACCCTG   

                                                                     

  Caspase-3    NM_001284409.1   Forward: GAAACTCTTCATCATTCAGGCC\     250 bp
                                Reverse: GCGAGTGAGAATGTGCATAAAT      
  --------------------------------------------------------------------------------------
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